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With our coupled jet-fluid model, we study the nuclear modifications of full jets and jet structures
for single inclusive jet and γ-jet events in relativistic heavy-ion collisions. The evolution of full
jet showers is studied via a set of coupled transport equations including the effects of collisional
energy loss, transverse momentum broadening and medium-induced splitting. The dynamics of
the jet energy and momentum deposited into the medium is described by hydrodynamic equations
with source terms. Our detailed analysis indicates that collisional absorption (energy loss) tends
to narrow the jet shape function while transverse momentum kicks and medium-induced radia-
tions broaden the jet transverse profile. Also, jet-induced flow plays a significant contribution to
jet shape function and dominates at large angles away from the jet axis. The final nuclear modifi-
cation pattern for the jet shape function is a combined effect from various jet-medium interaction
mechanisms. Our detailed studies for single inclusive jets and γ-jets for various kinematics indi-
cate that the nuclear modification of jet shape has strong dependence on jet energy and collision
energy, and weak dependence on jet flavor (quark or gluon).
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1. Introduction
Jet quenching is a powerful tool to study the property of the quark gluon plasma (QGP) created
in relativistic heavy-ion collisions. When jets propagate through the QGP medium, the collisions
between jet partons with medium partons can reduce the energy of jet partons and therefore modify
the energy and internal structure of full jets. Earlier studies of jet quenching mainly focus on the
quenching of high pT hadrons produced from the leading parton of full jets. The studies on the
suppression of the spectra of high pT hadrons indicate that leading partons lose energy mainly via
inelastic collisions, i.e., medium induced radiations [1].
Since full jets can be reconstructed using data from heavy ion collision experiments, more and
more studies shift to the reconstruction of full jets because their modification can provide more
observables and hence provide more detailed information about jet medium interactions. One
important difference between the quenching of full jets and leading partons is that the mechanism
of full jets energy loss may be different from leading partons. On one hand, radiated partons from
leading parton can be still in the jet cone which reduces the energy loss from medium induced
radiation. On the other hand, while leading partons lose little energy via elastic collisions, there
are many partons in a jet and each of them may suffer elastic collisions with the medium which
enhances the effect of collisional energy loss. In addition the suppression of jet spectra or high pT
hadron spectra which mainly probes the total energy loss thus can not discriminate between the
contribution from different mechanisms. However the modification of jet internal structure may be
more sensitive to different jet-medium interaction mechanisms. In our works [2, 3, 4], we study the
nuclear modifications of full jet energy and jet structures for single inclusive jet and γ-jet events in
PbPb collisions at both 2.76 ATeV and 5.02 ATeV, and consider the effect of medium response to
jet energy and jet structure.
2. Framework
We study full jets via the three-dimensional momentum distributions of quarks and gluons
contained in the jets, fi(ωi,k
2
i⊥) = dNi(ωi,k
2
i⊥)/dωidk
2
i⊥, with ωi the energy of parton i and ki⊥
its transverse momentum with respect to the jet axis. The evolution of fi(ωi,k
2
i⊥) follows the
differential transport equation,
d
dt
fi(ωi,k
2
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∂
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+
1
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)
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2
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2
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f j(ω j,k
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2
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dΓ˜i→ j(ω j,k
2
j⊥|ωi,k
2
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dω jd2k j⊥dt
fi(ωi,k
2
i⊥, t), (2.1)
where the first and second terms take into account the effect of collisional energy loss and transverse
momentum broadening due to elastic scatterings, while the last two terms represent the processes
of medium induced radiations with
dΓ˜ j→i
dωd2k⊥dt
the splitting kernels taken from the higher twist for-
malism [5]. Note that all splitting channels are included, so the evolutions of the quark distributions
and the gluon distributions are coupled with each other.
After solving for the distribution fi(ωi,k
2
i⊥) we can construct many observables, such as
the energy of jets with cone size R, E jet(R) = ∑i
∫
R ωi fi(ωi,k
2
i⊥)dωidk
2
i⊥, and jet shape function
1
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ρjet(r) =
1
p
jet
T
1
δ r ∑i p
i
T (ri)||ri−r|≤ 12 δ r
. In heavy-ion collisions, jet induced flow has further contribu-
tions to jet energy and jet structure. In elastic scatterings, energy is transferred from jet partons
to the medium. The deposited energy will induce medium excitations, and should be included
in the reconstruction of full jets. To take into account the medium response effect, we solve the
hydrodynamic equation ∂µT
µν
QGP(x) = J
ν(x) with the following source terms,
Jν(x) = −∑
j
∫
d3k jk
ν
j
df j(k j,t)
dt
∣∣∣∣
col.
δ (3)
(
x−xjet0 −
k j
ω j
t
)
. (2.2)
By comparing the results with and without source terms, we obtain the jet-induced medium flow
[3]. Its effect on jet energy and jet structure will be discussed in Sect.3.
3. Numerical results
To solve the coupled differential transport equations as Eq. 2.1, the initial distribution should
be provided. We generate it using Pythia and tune the parameters to make sure that the jet shape
function in pp collisions can be described. The parameters eˆ and qˆ in Eq. 2.1 are related via
qˆ = 4T eˆ, and the value of qˆ is obtained from the local temperature and flow velocity of the QGP
medium, qˆ(τ ,~r) = qˆ0 ·
T 3(τ ,~r)
T 30 (τ0,
~0)
· p·u(τ ,~r)
p0
, with qˆ0 the parameter to be fixed by experimental data.
After solving the transport equations, we calculate many observables in PbPb collisions and
obtain their modification compared with that in pp collisions. In this proceeding, we present the
results related to jet energy loss and jet structure modification in inclusive jet and γ-jet events. Fig.
1 shows the observables due to jet energy loss, including the jet RAA and the modification of γ-jet
momentum imbalance. Both the results with or without the effect of medium response are shown.
From the left panel of Fig. 1 we can see that with medium response the value of RAA increases,
because medium response can feed back some energy into the jet cone [3]. The same conclusion
can be obtained from the right panel of Fig. 1, in which we can see that the inclusion of medium
response moves the distribution of XJγ ≡
p
jet
T
p
γ
T
towards larger XJγ .
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Figure 1: Jet RAA (left) and the nuclear modification for γ-jet (right) momentum fraction in central Pb+Pb
collisions at 5.02 ATeV. Note that ‘with/without hydro.’ means with or without the effect of medium re-
sponse. Experiment data comes from Refs. [6, 7].
Our work [2] analyzes the effect of each jet-medium interaction mechanism on jet energy loss
and the modification of jet shape, indicating that the collisional energy loss of full jet showers
contributes most to full jet energy loss while medium induced radiation contributes least. Also,
our analysis shows that while medium induced radiation and transverse momentum broadening
broaden the jet shape, only collisional energy makes the jet profile steeper because the hard core
2
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of the jets loses less fraction of energy than the periphery of jets. Only the combination of all
three mechanisms can explain the non-monotonic behavior of
ρ(r)PbPb
ρ(r)pp as a function of r for jets
with pT > 100 GeV measured by CMS [8] at 2.76 ATeV. In [2] we predict that as jet transverse
momentum decreases, one may observe a monotonic modification pattern for ρ(r) as a function
of r. The reason is that the inner core of the jet becomes softer and thus easier modified by the
medium as jet energy decreases. The prediction is consistent with the new measurement by CMS
in γ-jet events [7] at 5.02 ATeV.
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Figure 2: Nuclear modification of the jet shape function in γ-jet events at 2.76 ATeV and 5.02 ATeV for
pT > 30 GeV and pT > 100 GeV. Experiment data comes from Ref. [9].
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Figure 3: The same as Fig. 2 except for inclusive jet events. Experiment data comes from Refs. [8, 10].
We study the nuclear modification of the jet shape function systematically using various kine-
matic cuts. Fig. 2 shows the modification of jet shape function in γ-jet events at 2.76 ATeV and
5.02 ATeV for jets with pT cut 30 GeV or 100 GeV. Fig. 3 shows the same results for inclusive
jet events. In Fig. 2 and Fig. 3, the results with and without the effect of medium response are
both shown. We can see that medium response rises the value of
ρ(r)PbPb
ρ(r)pp at large r because medium
response can increase the value of ρ(r) and becomes dominant at large r [3]. But we can see that
current experimental data can not distinguish whether the inclusion of medium response is nec-
essary due the large errors. We need more precise measurements to confirm the role of medium
response.
Now let us look at the sensitivity of the ratio
ρ(r)PbPb
ρ(r)pp to jet energy, collision energy and jet
flavor. From all panels in Fig. 2 and Fig. 3, we can see that the results for pT > 100 GeV
is dramatically different with pT > 30 GeV. For results with pT cut 100 GeV,
ρ(r)PbPb
ρ(r)pp is a non-
monotonic function of r, but for that with pT cut 30 GeV
ρ(r)PbPb
ρ(r)pp increases with r monotonically.
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By comparing Fig. 2(a) with Fig. 2(b) and Fig. 3(a) with Fig. 3(b), we can see that
ρ(r)PbPb
ρ(r)pp is
also sensitive to the collision energy [4]. Finally, by comparing Fig. 2(a) with Fig. 3(a) and Fig.
2(b) with Fig. 3(b), we can see that
ρ(r)PbPb
ρ(r)pp is similar in γ-jet and inclusive jet events, which means
ρ(r)PbPb
ρ(r)pp is not very sensitive to jet flavor [2].
4. Summary
We have studied full jet quenching in PbPb collisions at 2.76 ATeV and 5.02 ATeV at the
LHC. We formulate a set of coupled transport differential equations for quark and gluon three
dimensional momentum distributions in jets to study the jet shower evolution in the QGP medium,
in which the processes of collisional energy loss, transverse momentum broadening and medium
induced radiation are included. We have also included the effect of jet-induced flow to the study of
jet energy and jet structure.
Our results can describe the experimental datas related to full jet energy loss and nuclear mod-
ification of the jet shape function in γ-jet and inclusive jet events at both 2.76 ATeV and 5.02 ATeV.
The analysis indicates that the collisional energy loss dominates the full jet energy loss and plays
an important role in the modification of jet shape. Our study has shown that the modification of jet
shape has strong dependence on jet energy and collision energy. The modification in inclusive jet
events is similar to that in γ-jet events. Jet-induced flow can feed back some energy to the jet cone
and its contribution to jet shape is important at large r. Further precise measurements can provide
more precise test to our understanding of jet quenching in heavy-ion collisions.
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